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ABSTRACT: Several regions in the United States have begun the To assess the accuracy of these model predictions, we will compare
process of obtaining preapproval to use in-situ burning as a remedi- data from several sets of field experiments with model predictions. The
ation method for oil spills. The Building and Fire Research Labora- experiments are the Newfoundland Offshore Burn Experiment (NOBE),
tory of the National Institute of Standards and Technology (NIST) conducted by Environment Canada in August 1993, the Burning of
under the sponsorship of the Minerals Management Service has conEmulsions Test, conducted by Alaska Clean Seas (ACS) in September
ducted a research program to study various aspects of this problem.1994, and a series of diesel fuel burns conducted by NIST at the U.S.
One result of this program has been the development of a numericalCoast Guard Fire and Safety Test Detachment, Mobile, Alabama, in
model to predict the downwind concentration of smoke particulate and October 1994.

other combustion products from a large oil fire. To assess the accu-

racy of this model, data from three sets of experimental burns have

been compared to model simulations run under similar meteorologi-

cal conditions. The tests are (1) the Newfoundland Offshore Burn

Experiment (NOBE), August 1993; (2) the Alaska Clean Seas BurningMathematical model

of Emulsions, September 1994; and (3) the U.S. Coast Guard/NIST ) o o

Meso-scale Burn Series, October 1994. The model compared favor- A detailed description of the ALOFT model is given by Baum
ably with the experiments, increasing the confidence in numerical €t al. (1994). The model consists of the conservation equations of

modeling as a tool to develop guidelines on safe distances from in-situmass, momentum, and energy that describe the steady-state, convec-
burns. tive transport of heated gases and combustion products introduced

into the atmosphere by a steadily burning fire and blown by a uni-
form ambient wind. The fire itself is not modeled, but rather the
plume of smoke that emanates from it. The heat release rate and smoke
Several regions of the United States, Canada, and Europe areyield of the fuel are required as inputs. The local meteorological
presently evaluating the feasibility of using burning as a remediation conditions that must be provided are the wind speed, the fluctuation
method for large oil spills. The National Institute of Standards and in wind direction, and the temperature stratification of the atmos-
Technology (NIST), under the sponsorship of the Minerals Manage- phere. Figure 1 shows the results of a typical calculation. The struc-
ment Service and the Alaska Department of Environmental Conser-ture of the rising plume, characterized by the formation of two large
vation, has conducted a research program over the past decade teounter-rotating vortices, must be captured by the numerical scheme
assess the burning characteristics of large crude oil fires on waterpecause it controls the entrainment of air into the hot plume.
(Evanset al, 1993). The program has consisted of laboratory and The height to which the plume ultimately rises and the rate at which
mesoscale measurements of burning and emission properties of varithe pollutants are dispersed are very much a function of the initial
ous heavy fuels, as well as a theoretical effort to model the smokepyme structure. The plume structure of an actual burn is shown in
plume and predict the downwind concentration of various combustion Figure 2.
products whose emission factors are measured from large-scalé To A OFT model differs from most of the atmospheric dispersion
ﬁ?g&ﬂmgnttrséjgzg :;c,’,dﬁ: 2?2\2352 ?:&?SSA{‘hOeF;;%relav\llzgfec;gtr?ggrmodels in use today because it is a deterministic rather than an empir-
to as the large edd.y simulation (LES) model because much of the'S:al model; that is, the approach taken is to solve the goveming equa-
numerical methodology originated with enclosure fire models devel- tions of motion directly rather than rely on empirical formulas that
oped at NIST. approximate the extent of the dispersion. These empirical models
A particular concern of local authorities who are considering in-situ YPically assume the pollutant of interest to be Gaussian distributed
in the plane perpendicular to the direction of the prevailing wind.

burning is the possibility of exposing populations to particulate con- L S h )
centrations in excess of ambient air quality standards. Thus, in process] € parameters defining the distribution are estimated from experi-

ing the results of the model, special attention is given to the downwind Ments. Unfortunately, the problem of in-situ burning of crude oil
and lateral extent of ground-level particulate concentrations in excess ofS inappropriate for these types of models for three reasons: (1) the
150 pg/m averaged over 1 hour. Although no formal guidance is avail- hature of the “source” is different from what is normally assumed, a
able concerning safe levels of short-term exposure to particulate emisSmokestack; (2) the heat release rate of the source is well beyond those
sions from oil fires, 150 pgfaveraged over 24 hours is the upper level considered in industrial process applications and thus outside of the
established under air quality control regulations in Alaska. Calculations €xperimental parameter range; and (3) the plume dispersion patterns
performed for the state of Alaska showed that, for a variety of meteoro-are not necessarily Gaussian, and many of the time-averaging argu-
logical conditions typical of the northern and southern coasts of Alaska, ments used in conventional dispersion models do not apply for burns
hour-averaged particulate concentrations found at the ground downwindof at most several hours in duration. As will be seen from the results
of a fire consuming about 75 kg (600 bbl) of crude oil per hour would of lidar measurements taken at both the Newfoundland and Mobile
not exceed 150 pgthour averaged) beyond 5 km (McGratgtral, experiments, the plume structure is very sensitive to local atmospheric
1993). conditions.
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Figure 1. View of a simulated smoke plume as seen from downwind

Figure 2. Photograph taken from about 200 m downwind of the
Newfoundland Offshore Burn Experiment (NOBE) showing the
two large counter-rotating vortices that characterize the structure
of the rising smoke plume

The Newfoundland Offshore Burn Experiment

The Newfoundland Offshore Burn Experiment (NOBE) provided
an enormous amount of data regarding in-situ burning of oil at
sea (Fingagt al, 1995). The experiment consisted of two burns of
crude oil conducted off the coast of St. John’s, Newfoundland, on
August 12, 1993. Most of the sampling of the chemical species
produced by the burning was done relatively close to the fire.
However, the University of Washington’s Cloud and Aerosol
Research Group performed airborne measurements of the smoke
plume from the two burns at distances up to 20 km downwind of the
fire. Of particular importance to the present study are the lidar mea
surements of the plume cross section and the real-time monitoring of
the CQ level in the plume.

Lidar measurements were performed during the second burn.
Details of the analysis are given by Ressl. (1996). For this burn,
it was reported that 28.9°n182 bbl) of crude oil of density 843.7
kg/m® was burned in 1.3 hours. Even though substantial fluctuations
in burning rate were observed, for the purposes of modeling the plume
it was assumed that the burning rate was constant at 5.2 kg/s
(140 bbl/hr). On the basis of previous work with various types of
crude oils (Waltoret al, 1993), the heat release rate of the fire, based
on the amount of oil consumed, was estimated to be about 200 MW.
The smoke yield for the burn was measured by the team from NIST to
be approximately 15% (Waltogt al, 1994). Atmospheric tempera
ture soundings taken from the University of Washington airplane and
from the NIST tethered blimp show a temperature inversion from
about 100 to 175 m in altitude, accompanied by a shift of roughly 30
to 40 degrees in the direction of the wind. The wind speed at the
ground was about 5 to 6 m/s, increasing to about 8 m/s a few hundred
meters up.

Figure 3 displays cross sections of the simulated plume at-down
wind locations that approximately match those taken by the Univer
sity of Washington airplane (Figure 4). The effect of the shift in the
wind direction at about 120 m in altitude is obvious in both the-simu
lated and the actual plume cross sections. There is reasonably good
qualitative and quantitative agreement between the two for a distance
of about 6 km from the fire. This assessment is based on the overall
lofting height of the plume, its lateral spread due to the wind shear, and
the concentrations observed in both the experiment and the simulation.
A more rigorous comparison would not be meaningful because the
actual plume was very much affected by the change in burning rate
that sent puffs of smoke higher when the burn rate increased. The
model simulation is based on the assumption that the fire is burned
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Figure 3. Cross-sectional slices of the simulated smoke plume from the second NOBE
burn. Shown are particulate concentration contours of 50, 150, 300, and 500 pg/m? at three
locations downwind corresponding to where lidar measurements were taken. The vertical-
length scale indicates height above sea level, and the horizontal scale indicates the dis-
tance from the assumed plume centerline.

stealily, and thus represents a time-averaged, rather than instantaneousn the two estimates is not surprising, given the enhanced plume dis
description of the plume. Beyond about 6 km from treg the simula persion of the experiment due to the unexpected lofting. Also, the
tion fails to predict the increased lofting of the actual plume to a height comparison is based on only one pass of the airplane along the plume
of about 700 m. It was observed that the plume initially rose to a heightcenterline, which may not account for the maximum concentration.
of about 200 m, leveled off for about 5 km, and then gradually rose to alndeed, the model predicts, and visual sightings confirm, the existence
height of about 600 m after 20 km. The centerline of the simulated Of counter-rotating vortices that are generated by the fire and that
plume reached a height of about 250 m, but does not exhibit this grad €ntrain a substantial fraction of the particulate. Thus, it is not neces
ual rise. Changes in the burning rate and solar radiation, both of whichSarily true that the maximum concentration of particulate would be
are not accounted for in the simulation, are most likely responsible for found along the centerline of the plume. In-situ measurements of the

; ; ; : P lume cannot account for its complex structure, and thus a better
the increased lofting. This example points out the limitation of any pre P X . . '
dictive dispersion or meteorological model. Large-scale patterns andmeans of measuring particulate concentration would be through the

trends can be predicted, but small-scale details cannot. use of integrated techniques, such as the lidar measurements discussed

In addition to lidar measurements, the University of Washington in text preceding.
team made a number of other measurements. Of interest to this study
are measurements of GOPlume particulate concentrations may . . .
be derived either by quantifying lidar cross section data as shown/Alaska Clean Seas burning of emulsions experiment
in text preceding, or by measuring the excess &@ backing out .
the paPticuIate l:E]:oncer){tration baged on the smoke yieldg and the_!n early September 1994, Alaska Clean Seas conducted at its
elemental carbon mass fraction of the fuel. Direct measurementsFi"€ Training Ground in Prudhoe Bay, Alaska, three mesoscale burns
of excess COmade while flying the airplane along the centerline to determine the feasibility of burning emulsified oil. An aerial-pho
of the plume have been used to estimate the concentration of particutograph of one of the burns is shown in Figure 5. Each burn consisted
late matter. Taking the smoke yield to be 15% (from the NIST tethered of burning an oil mixture within the confines of a fire-resistant eircu
b||mp measurements) and the elemental carbon mass fraction oﬂar boom that floated in a plt filled Wlth.Water. The boom diameter was
the fuel to be 0.8664, it is estimated that 1 ppm excesscGPe roughly 9 m, and the rectangular pit was roughly 20 m by 30 m.
sponds to a particulate concentration of I§87E. Direct measure The first and third burns consumed emulsions of saltwater and 17.4%
ments of excess GOn the smoke plume from the airplane show evaporated Alaskan North Slope (ANS) crude. Emulsion breakers
volume fractions decreasing to about 1.5 ppm (the equivalent of 150were applied to these mixtures. The second burn consumed fresh
ug/me particulate) at about 16 km downwind of the burn. The quanti ANS crude. Heat release rates for the three burns were estimated to
fied lidar images are consistent with this finding. The model calcula be 55, 186, and 98 MW, respectively. The burning rates of oil, not
tion predicts that plume particulate concentrations in excess of 150emulsion, were 31, 115, and 56 bbl/hr, respectively. Each burn lasted
pg/m? extend slightly farther than 20 km downwind. The discrepancy about 45 minutes. The mass flux of particulate was based on a smoke
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Figure 4. Cross-sectional slices of the actual smoke plume from the second NOBE burn.
Shown are contours of particulate concentration at 50, 150, and 300 pg/m?. The crosswind
scale indicates relative distances, and the origin was chosen to compare with the simulation.
(Courtesy of the University of Washington Cloud and Aerosol Research Group.)

yield (mass of particulate per unit mass of oil burned) for ANS crude were averaged over the time of the burn. Neither the model
of 11.6%. predictions nor the RAM data were uniform in space or in time, due in
At the request of the Alaska office of the U.S. Environmental part to random €ictuations in wind direction, convective cells that are
Protection Agency, the EPA’s Emergency Response Team (EPA/not accounted for in the model, small terrain effects, and unsteady
ERT) came to Prudhoe Bay with 12 MIE real-time aerosol monitors burning of the fuel. Nevertheless, the agreement between the time-
(RAM-1). These instruments employ a sensing principle that is averaged model predictions aneldi measurements is quite good,
based on the detection of near-forward electromagnetic radiationshowing particulate concentrations ranging from 0 ta@@ 2 along
in the near infrared. The amount of scattered radiation detectedthe narrow path over which the plume is lofted. In addition to ground-
guantifies particulate and aerosol concentrations. The twelve-nstru level instruments, a small airplane was hired yarflthe vicinity of
ments were set out on tripods and spread out in rows of three orthe plume and to record plume positions at various times, as well as
four at distances ranging from 1 to 5 km from the burn site. to photograph the burn site and the plume. Accordinggdbtftrack
The deployment strategy varied from burn to burn, depending on data, the plume from thet burn rose to a height of about 550 m and
the weather conditions and the terrain over which the plume wasthe plume from the second burn rose to about 400 m. These measure
expected to loft. The instruments were set to sample every secondnents are in very good agreement with model predictions based on
and then log the 5-second average. Global positioning instrumentsatmospheric profés obtained with a tethered blimp and a helicopter.
recorded the locations of the individual devices. Atmospheric The visibility on the day of the third burn was very limited, and all
temperatures, wind speeds, and wind directions were measuredircraft were grounded.
with a weather station suspended from a small tethered blimp, which
was deployed just after the burns were completed. Details of
the measurements may be found in the report by McGrattah
(1995). Mesoscale diesel fuel burns, Mobile, Alabama
Figure 6 summarizes the results of the experiments, showing
the model prediction of ground-level particulate concentration ver-  Three mesoscale burns of no. 2 diesel fuel were conducted by NIST
sus the actual measurements made in ¢he fThe feld measurements at the U.S. Coast Guard Fire and Safety Test Detachment facility on
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Figure 5. Aerial view of second Alaska Clean Seas emulsion burn experiment, Prudhoe
Bay, Alaska, September 1994

Little Sand Island in Mobile Bay, Alabama, in October 1994 (Walton the surface does so at the interface between land and water, in a process
et al, 1995). The burns were conducted in a 15.2-m-square by 0.61-m-known as fumigation.

deep steel burn pan. Watdlefil about 0.5 m of the pan, and diesel fuel The ALOFT model was run to try to simulate both the morning and
was added tolfithe rest. The no. 2 diesel fuel was obtained from acom afternoon burns. Because no sounding was available, the temperature
mercial vendor. Each burn lasted between 15 and 20 minutes, and thand wind profes had to be estimated from ground measurements and
fuel was consumed at a rate of about 400 bbl/hr for each burn. visual observations of the general state of the lower atmosphere. Figures

The first burn was ignited in the afternoon on October 23. The winds 9 and 10 summarize the ground-level prediction of smoke particulate
were very calm, and as a result the smoke plume rose high into the cloudoncentration from the model, along with the maximum values of the
layer and changed its direction from that of the ground. This plume lidar measurements for each pass of the aircraft above the plume. The
holds some interest from a qualitative point of view, but it is not possi particulate concentrations are derived from the lidar signatures by
ble to compare against the ALOFT model because the details of the windassuming constant backscatter-to-density and extinction-to-density
field are too complex to be simulated, and no temperature or windratios. The latter quantity was derived by Retal. (1996). As in the
sounding was available. In any event, there was certainly no mixing analysis of the Newfoundland lidar data, it is impossible to replicate
back to the surface because the plume rose more than a kilometer intevery meteorological detail refited in the instantaneous lidar mea
the atmosphere. surements. Instead, it is assumed that the wirduétion and verti-

The second and third burns, conducted in the morning and afternoorcal convective motion are random processes. In this way, the plume
of October 26, are more of interest from a model validation standpoint. structure and the local meteorology can be described in sufficient
On this day, the wind was blowing steadily from the north, and the detail to produce predictions in the neighborhood of the measured
smoke plumes from both burns lofted over the western shore of Mobile concentrations.

Bay and out into the Gulf of Mexico. A team from SR, International, of

Menlo Park, California, performed airborne lidar measurements of the

smoke plumes (Uthet al, 1995). The instrument wa®¥n above the Discussion

smoke plume and generated cross-sectional images of the plume in ver

tical planes perpendicular to the direction of the wind at various dis It has been estimated that a 500-foot (150-ne)fibom towed in a
tances downwind of theréi. The lidar was operated at a pulse rate of 10 U-shape confjuration could easily provide enough oil area to sustain a
Hz, with each pulse producing backscatter pgsfat wavelengths of burn eliminating about 715 bbl/hr (Allen and Ferek, 1993). Of all the
0.53 and 1.06m. Figures 7 and 8 present the lidar images for roughly experiments discussed within this paper, the smoke plumes from the
the frst 10 kilometers from the burn site. Mobile burns, although of short duration, are most representative of

Clearly visible in each sequence of images is the top of the mixing those that can be expected from an actual in-situ burn, for two reasons.
layer, which separates the earth’s turbulent boundary layer below fromFirst, the burning rate of 400 bbl/hr is probably a reasonable rate to
the free atmosphere above. The mixing layer is characterized by turbu expect from an actual burn. Second, the experiments were conducted in
lent motion generated by surface friction and vertical heat transfer froma coastal environment; thus the atmospheric conditions represented by
the warm ground to the cooler air above. For the morning burn, thethe lidar images are very typical of what one can expect in the event of
height of the mixing layer was about 450 m, and in the afternoon it hada near-shore in-situ burn. The results of both the modeling effort and the
risen to about 700 m. Although a temperature sounding could not belidar measurements showed that even though an inversion layer was
obtained on that day, it is clear that the top of the mixing layer at both present, the plume penetrated it, and as a result less smoke mixed back
times of the day corresponded to a temperature inversion and shift into the surface. There is no guarantee, of course, that the plume will
wind direction. The wind was blowing out of the north at ground level, always penetrate an inversion layer, and in those instances ground-level
but apparently shifted to become northeasterly above the mixing height.concentrations could be higher.

This wind shear is very noticeable because most of the smoke particu  In summary, peak concentrations of ground-level smoke particulate
late is concentrated in that narrow band. The smoke that mixes down tdor all the burns discussed in text preceding never exceedgai)
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Figure 6. Predicted ground-level particulate concentrations from the ALOFT model
(shaded contours) along with actual time-averaged RAM data for the three ACS emulsion
burns (numerical labels). The model results are inherently time-averaged. The fire itself is
at the origin of the coordinate system (leff). All concentrations are given in units of ug m-2.

and in most cases were well below that level. It should be emphasizednot depend on empirical input parameters fine-tuned for a particular
however, that these experiments were conducted in reasonably goodituation.
weather conditions, and in each instance, complex terrain was not a As far as the &éld measurement techniques are concerned, these
factor. Work to determine the effect of rough terrain, especially in experiments have provided a wealth of information on how to monitor
areas like the Pacific Northwest and Alaska, is under way now at emissions from large burns. Unlike conventional air monitoring, where
NIST. the source, such as a power plant, is expected to generate pollutants over
a long period of time, an in-situ burn will typically last a few hours.
High-volume samplers are difficult to position and cannot collect
enough particulate in that short period of time; hence the need for reli
Conclusion able, portable, real-time aerosol monitors. For the purpose of model ver
ification, lidar measurements have the most potential because they can
The results of the experiments presented here increase the conficapture the overall plume structure rather than sparse point measure
dence in the numerical predictions of plume structure, trajectory, and ments. The drawbacks of this technique are that they are expensive, and
composition. The comparison of predicted versus measured particu that the measurements are difficult to quantify.
late concentration is very encouraging, given the uncertainties in the Needless to say, all of the tools to track and measure smoke plumes
input data for the fire and weather conditions. In fact, the model pre from large crude oil fes have their advantages and disadvantages.
dictions were based on very limited meteorological information— However, a combination of large-scale experiments and numerical mod
wind speed, wind variation, and temperature stratification only. This els that have been tested against such experiments, such as ALOFT, will
is important for two reasons. First, local meteorological data for provide response planners with much needed information and the abil
regions of interest are often very limited. Second, if the numerical ity to consider situations for which experiments have not, or cannot, be
model is to be used effectively for a wide variety of conditions, it must performed.
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Burn 2, Pass 1, 0.4 km dqwnwlnd

‘Burn 2, Pass 3, 2.9 km downwind

Burn 2, Pass 4, 4.3 km downwind

Burn 2, Pass 5, 5.0 km downwind

Burn 2, Pass 10, 14.3 km downwind

Figure 7. Lidar images of the plume cross section for the morning burn of October 26, 1994, Mobile Bay. These images cor-
respond to vertical planes that are perpendicularto the direction of the wind. The elongated nature of the cross section is due
to the wind shear at about 450 m above the surface. The grayscale indicates total particulate concentration, and the hori-
zontal lines are separated by 150 meters. The horizontal and vertical lengths are identically scaled, with the vertical dimen-
sion 900 m. Note that background particulate and aerosol levels are represented by the horizontal layers extending the width
of the frame.
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Burn 3, Pass 2, 2.7 km downwind

Figure 8. Lidar images of the plume cross section for the afternoon burn of October 26, 1994, Mobile Bay. These images cor-
respond to vertical planes that are perpendicular to the direction of the wind. The elongated nature of the cross section is due to
the wind shear at about 700 m above the surface. The grayscale indicates total particulate concentration, and the horizontal lines
are separated by 150 meters. The horizontal and vertical lengths are identically scaled, with the vertical dimension 1350 m. Note
that background particulate and aerosol levels are represented by the horizontal layers extending the width of the frame.
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Figure 9. Ground-level particulate concentration for the morning burn of October 26, 1994, in Mobile Bay. The shaded con-
tours represent (time-averaged) model predictions, and the larger numbers represent near ground peak values of the quan-
tified (instantaneous) lidar signatures for each pass of the aircraft. The ventilation factor is merely the height of the mixing
layer multiplied by the wind speed, and is used as a rough indicator of atmospheric stability.
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Figure 10. Ground-level particulate concentration for the afternoon burn of October 26, 1994, in Mobile Bay. The shaded
contours represent (time-averaged) model predictions, and the larger numbers represent near ground peak values of the
quantified (instantaneous) lidar signatures for each pass of the aircraft. The ventilation factor is merely the height of the mix-
ing layer multiplied by the wind speed, and is used as a rough indicator of atmospheric stability.



1997 INTERNATIONAL OIL SPILL CONFERENCE 147

References

1.

Allen, A. A. and R. J. Ferek, 1993. Advantages and disadvantages 7.
of burning spilled oil Proceedings of the 1993 International Oil

Spill ConferenceAmerican Petroleum Institute, Publication No.
4580, pp765-772

. Baum, H. R,, K. B. McGrattan, and R. G. Rehm, 1994. Simulation 8.

of smoke plumes from large pootds. Twenty-fith Symposium
(International) on CombustiornThe Combustion Institute, Pitts
burgh, Pennsylvania, pp1463-1469

. Evans, D. D.get al, 1993. Mesoscale experiments help to evaluate

in-situ burning of oil spillsProceedings of the 1993 International 9.
Oil Spill ConferenceAmerican Petroleum Institute, Publication
No. 4580, pp755-760

. Fingas, M. F..et al, 1995. The Newfoundland Offshore Burn

Experiment: NOBEProceedings of the 1995 International Oil  10.
Spill ConferenceAmerican Petroleum Institute, Publication No.
4620, pp123-132

. McGrattan, K. B., A. D. Putorti, W. H. Twilley, and D. D. Evans,

1993. Smoke Plume Trajectory from In Situ Burning of Crude Oil
in Alaska. NISTIR 5273, National Institute of Standards and Tech 11.
nology, Gaithersburg, Maryland

. McGrattan, K. B., W. D. Walton, A. D. Putorti, W. H. Twilley, J.

McElroy, and D. D. Evans, 1995. Smoke Plume Trajectory from In
Situ Burning of Crude Oil in Alaska: Field Experiments. NISTIR

5764, National Institute of Standards and Technology, Gaithers
burg, Maryland

Ross, J. L., A. P. Waggoner, P. V. Hobbes, and R. Ferek, 1996. Air
borne lidar measurements of a smoke plume produced by-a con
trolled burn of crude oil on the oceaournal of the Air and Waste
Management Associatipm 46, pp327-334

Uthe, E. E., R. D. Kaiser, L. Carr, and B. Bumbaca-Deneen, 1995.
Airborne lidar characterization of oil-burn effluent plumBso-
ceedings of the Third Thematic Conference on Remote Sensing for
Marine and Coastal Environmentsnvironmental Research Insti

tute of Michigan (ERIM), Ann Arbor, Michigan, ppl-453-464
Walton, W. D.get al, 1993. In-situ burning of oil spills: Meso-scale
experiments and analysiBroceedings of the 16th Arctic and
Marine Oilspill Program Technical SemindEnvironment Canada,
Ottawa, Ontario, pp679-734

Walton, W. D., W. H. Twilley, J. McElroy, D. D. Evans, and E. J.
Tennyson, 1994. Smoke measurements using a tethered miniblimp
at the Newfoundland Offshore QOil Burn Experiméfioceedings

of the 17th Arctic and Marine Oilspill Program Technical Seminar
Environment Canada, Ottawa, Ontario, pp1083-1098

Walton, W. D., W. H. Twilley, A. D. Putorti, and R. R. Hiltabrand,
1995. Smoke measurements using an advanced helicopter trans
ported sampling package with radio telemefigoceedings of the
18th Arctic and Marine Oilspill Program Technical Semiranvi
ronment Canada, Ottawa, Ontario, pp1053—-1074.



